MIT. We determined the wavelength dependence of the refractive index of the deposited glass, the passive external interference mode structure of the fabricated devices with reflecting lower contacts and semi transparent upper contacts and the corrected infrared emission spectrum on the same devices. At currents just above the optical threshold in the on-state the emission is narrow band, at a wavelength consistent with earlier experiments, while at higher currents the emission shows the narrow component with a broad component which follows the shape of the passive external transmittance. The optical threshold current of these types of devices increases with increased thickness of the transparent upper contact indicating the optical feedback requirement of this emission. The various results we have obtained reinforce the presumption that the emission is stimulated.
1-3
Introduction. -Infrared emission has been observed in the on-state of amorphous chalcogenide thin film devices deposited between planar conducting electrodes of Te39As36Si17Ge7P, and A s~~T~~~. The emission has been observed only in the on-state of the amorphous films and only above a well-defined optical threshold current in the on-state which depends upon the optical reflection properties of the electrical contacts. The emission is temperature independent, relatively narrow, is situated at an energy of about half the band gap, requires a minimum thickness of amorphous film and apparently originated within the conducting pancake filament of the onstate. The emission can not be due to normal spontaneous emission and may well be stimulated emission. Table I summarizes these properties in more detail.
Temperature dependence I Substanti a l l y independent of temperature, 160°K -300°K. These devices a r e commonly prepared by p h o t o l i t h o g r a p h i c techniques on s i l i c o n c h i p s and t h u s c o n s t i t u t e s i l icon-compati b l e integrab i e l i g h t sources4.
l ncl udi ng t h e experiments discussed here more than 1500 devices have shown t h i s novel emission.
Experiments. -T h i s work continues o u r i n v e s t i g a t i o n o f t h e on-state emission i n t h e m a t e r i a l Si18Te45A~28Ge29 which we w i l l r e f e r t o as STAG. T h i s m a t e r i a l i s q u i t e s i m i l a r t o t h a t o f Ref.1 and has a c o n d u c t i v i t y a c t i v a t i o n energy o f 0.54 eV. The devices were prepared p h o t o l i t h o g r a p h i c a l l y on a Corning 7059 glass s u b s t r a t e a t t h e U n i v e r s i t y o f S h e f f i e l d . Fig.1 i l l u s t r a t e s t h e geometry o f t h e devices. The a c t i v e chalcogenide s i t s w i t h i n t h e pores and forms a p l a n a r geometry between a t h i c k Mo-AI lower c o n t a c t and a p a r t i a l l y t r a n s m i t t i n g Mo upper c o n t a c t through which the emission i s observed.
UPPER CONTACT LOWER CONTACT
F i g . 1 One a r r a y o f e m i t t i n g devices. Pores are etched from t h e i n s u l a t o r and p a r a l l e l upper and lower cont a c t s b r a c k e t t h e STAG.
The o p t i c a l emission i n STAG has p r o p e r t i e s s i m i l a r t o t h a t found e a r l i e r . The emission has a c u r r e n t t h r e s h o l d i n t h e on-state.
W e have found t h a t t h i s c u r r e n t t h r e s h o l d increases w i t h i n c r e a s i n g t h i c k n e s s o f t h e p a r t i a l l y t r a n sparent Molybdenum upper c o n t a c t . Fig.2 10 min.
shows t h i s dependence w i t h t h e s p u t t e r i n g t i m e o f t h e upper

Fig. 2. O p t i c a l t h r e s h o l d c u r r e n t versus Mo d e p o s i t l o n t i m e f o r a 1.05ym t h i c k amorphous f i l m a t 298OK. See t e x t f o r theory. I f t h e f a b r i c a t e d devices a r e viewed i n IR l i g h t i n c i d e n t from t h e device s i d e of t h e s i l i c o n c h i p a s u b s t a n t i a l p o r t i o n o f t h e l i g h t t r a n s m i t s through t h e areas o f t h e amorphous glass from which deposited c o n t a c t s t r i p s a r e absent. Most o f t h e l i g h t i n c i d e n t on t h e t o p t h i n Mo c o n t a c t s w i l l r e f l e c t because o f t h e o p t i c a l mismatch w i t h a i r w h i l e a l l t h e l i g h t which s t r i k e s a lower t h i c k c o n t a c t s t r i p w i l l
r e f l e c t . However, t h e remaining l i g h t w i l l t r a n s m i t through t h e glass i n a manner determined by t h e i n t e r f e r e n c e mode s t r u c t u r e o f t h e t h i n amorphous glass on s i l i c o n . Fig.3 shows t h e passive e x t e r n a l transmittance mode s t r u c t u r e o f t h e amorphous f i l m . F i g . 3. Passive externa l t r a n smi t t a n c e o f STAG f i l m on device s u b s t r a t e f o r a 0.94um t h i c k f i lm.
The peaks i n t h e r e l a t i v e loss correspond t o h i g h r e f l e c t i v i t y from t h e amorphous t h i n f i l m s i t u a t e d on t h e g l a s s s u b s t r a t e i n a i r . The transmission peaks thus occur when t w i c e t h e f i l m thickness i s an i n t e g r a l number o f wavelengths o f t h e l i g h t i n t h e m a t e r i a l w h i l e t h e transmission minima occur when t w i c e t h e t h i c k n e s s i s an odd number o f h a l f wavelengths. The f i i m t h i c k n e s s was measured using a Zeiss i n t e r f e r o m e t e r and index o f r e f r a c t i o n was determined f o r t h e STAG m a t e r i a l . F i g . rep1 i c a t e t h e maximum and minimum transmi s s i o n w i t h i n 2 4% i s a s u b s t r a t e index o f 1.50 i s used and t h e exposed f i l m area i s t a k e n as 21%. T h i s agreement r e q u i r e s t h a t t h e f i l m a b s o r p t i o n i n t h e r e g i o n from 1.2 t o 2 . 5~m be less than several percent.
The s p e c t r a l emission o f STAG devices were measured u s i n g a Jerrel-Ash monochrometer a t t h e U n i v e r s i t y o f S h e f f i e l d and a l s o a t MiT u s i n g an OCLi h a l f c i r c u l a r v a r i a b l e f i l t e r .
Both measurements n o r m a l l y used a PbS d e t e c t o r . The measurements a t MIT were on t h e same s e t o f devices whose f i l m t r a n s m i s s i o n c h a r a c t e r i s t i c s were given i n F i g . 3. The uncorrected r e l a t i v e o u t p u t s o f t h e two s e t s o f measurements a r e g i v e n i n Fig. 5a .
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F i g . 5 ( a ) . Uncorrected o u t p u t o f devices a t h i g h c u r r e n t s . Two devices were measured a t MIT each across t h e e n t i r e spectrum. A l a r g e number o f devices were measured a t t h e U o f S, each device across a p o r t i o n o f t h e spectrum. T y p i c a l rms variance i s ' 15%. ( b ) . Output measured a t MIT a t a h i g h c u r r e n t and a t a low c u r r e n t j u s t above t h e o p t i c a l t h r e s h o l d .
These measurements a r e o b t a i n e d u s i n g s i n g l e s h o t pulses whose p u l s e lengths a r e t y p i c a l l y l m s length. The MIT data i s an average o f two devices u s i n g 20ma pulses w h i l e t h e U o f S data i s an average curve u s i n g many devices a t h i g h c u r r e n t over p o r t i o n s o f t h e spectrum.
The two s c a l e magnitudes a r e n o t d i r e c t l y comparable. Both s e t s o f data show a s i m i l a r broad s t r u c t u r e w h i l e t h e MIT data show a narrow a d d i t i o n a l component which subsequent experiments showed becomes submerged i n t h e broader emission a t h i g h c u r r e n t s . D i f f e r e n c e s i n t h e shape o f t h e two broad curves a r e probably due t o t h e response c h a r a c t e r i s t i c s o f t h e two d i f f e r e n t measuring systems. Fig. 5a . The response o f t h e V a r i a b l e F i l t e r -P b S d e t e c t i o n system was c a l i b r a t e d a g a i n s t an incandescent f i l a m e n t f o r these measurements.
The apparent f a l l o f f i n o u t p u t a t long wavelength I s due i n p a r t t o t h e decreasing response o f t h e d e t e c t o r s i n t h i s region.
A t c u r r e n t s j u s t above t h e o p t i c a l t h r e s h o l d o f a device t h e emission charact e r i s t i c s a r e d i f f e r e n t than a t h i g h c u r r e n t s . F i g . 5 b shows c o r r e c t e d o u t p u t a t 6ma o f a device w i t h a 4ma o p t i c a l t h r e s h o l d and compares t h e o u t p u t w i t h corr e c t e d o u t p u t s o f t h e two 20ma devices o f
The passive transmission curve o f t h e amorphous f i l m i s a l s o shown. Note t h a t t h e h i g h c u r r e n t o u t p u t f o l l o w s t h e passive transmission curve w h i l e t h e low c u r r e n t o u t p u t has a peak which f a l l s p a r t way between t h e e x t e r n a l transmission peak and t h e e x t e r n a l transmission minimum.
The
e n t j u s t above t h e o p t i c a l threshold, a t a wavelength near t h e minimum o f t h e passive transmission. The increased molybdenum t h i c k n e s s should normally produce increased r e f l e c t i v i t y and hence o p t i c a l feedback r e q u i r i n g a lower o p t i c a l thresho l d c u r r e n t whi I d t h e minimum t r a n s m i t t a n c e region normal l y corresponds t o des t r u c t i v e i n t e r f e r e n c e o f i n t e r n a l modes.
The anomalous behavior o f t h i n molybdenum t r a n s p a r e n t becomes c l e a r when we t a k e i n t o account t h e h i g h index found f o r t h e STAG f i l m . A t t h e emission wavelengths t h e index i s 2.8 and t h e mismatch w i t h a i r produces a 22% r e f l e c t i o n i n t h e absence o f a c o n t a c t l a y e r .
I f reasonable o p t i c a l constants a r e chosen f o r 5 molybdenum , n = 2 . 9 and K = 7.4 a t 2.2u, we f i n d t h a t t h i n f i l m s o f molybdenum prog r e s s i v e l y reduce t h e s u r f a c e r e f l e c t i v i t y o f STAG by matching t h e large STAG index e t o a i r . A t 80A o f Mo on STAG i n a i r t h e r e f l e c t i v i t y I s reduced t o about 8%.
Using t h e equation f o r l a s e r t h r e s h o l d i n an amorphous on-state f i l a m e n t between r e f l e c t i n g contact3 we can r e l a t e t h e t h r e s h o l d c u r r e n t , Ith, t o t h e c o n t a c t r e f l e c t i v i t i e s R, and R2 as f o l l o w s :
Here A = l/citmin, where a i s t h e l a s e r gain i n t h e on-state f i l a m e n t and tmin i s t h e t h e t h i c k lower AI-Mo ~o n t a c t , c a l c u l a t i n g R2 from standard formulas , and assuming a s p u t t e r i n g r a t e o f 4A/min.
JOURNAL DE PHYSIQUE
The l o c a t i o n o f t h e low c u r r e n t emission peak near t h e minimum transmission r e g i o n can now be explained. W i t h i n t h e c u r r e n t f i l a m e n t r e f l e c t i o n o f f t h e t h l c k lower AI-Mo c o n t a c t should produce a phase d i f f e r e n c e near 180'.
However, t h e t h i n Mo c o n t a c t produces o n l y a s l i g h t phase change upon r e f l e c t i o n . The 6ma device 0 has I th near 4 ma suggesting from Fig. 2 and a 4~/ m i n r a t e t h a t t h e mol ybdenom 0 t h i c k n e s s i s 40A. Computation g i v e s a phase change o f o n l y 79' upon r e f l e c t i o n . The double f i l m thickness, 2 t , must t h u s produce a phase d i f f e r e n c e o f 101' ( o r 0.281) p l u s any m u l t i p l e o f 360° t o a l l o w f o r a low loss standing o p t i c a l mode between t h e p a r a l l e l contacts. W e then expect coherent modes a t wavelengths near 2 t / ( p + 0 . 2 8 ) X .
For p = 2, A i s a t 2.31pm s l i g h t l y on t h e long wave s i d e o f t h e t r a n smission minimum. T h i s c a l c u l a t i o n I s o f course suggestive only, b u t t h e general argument does r e q u i r e t h e emission a t c u r r e n t s near o p t i c a l t h r e s h o l d t o f a l l near t h e transmission minimum. The r e s u l t s analyzed here a r e t h u s q u i t e conslst e n t w i t h s t i m u l a t e d emission as t h e source o f t h e emission i n v e s t i g a t e d . The s h i f t i n emission toward a h i g h e r X a t h i g h e r c u r r e n t s suggest t h a t t h e emission process d u r i n g t h e s t i m u l a t e d emission peaks near 2.5 t o 2 . 6~1 .
Thanks a r e due t o Dr. K. Homma, J. Pooladej and R. Frye f o r t h e i r g r e a i h e l p i n t h i s work.
